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STARTING PHENOMENA FOR HYPERSONIC INLETS WITH 

THICK TURBULENT BOUNDARY LAYERS AT MACH 6 

By Theodore J. Goldberg and J e r r y  N. Hefner 
Langley Research Center 

SUMMARY 

The effects of cowl bluntness, cowl length, cowl angle of attack, boundary-layer 
thickness, free-stream Reynolds number, and wall temperature on the starting phenomena 
of two-dimensional hypersonic inlets with relatively thick turbulent intake boundary layers  
were investigated at a free-stream Mach number of 6. The inlet total-pressure recovery 
(including both shock and viscous losses) is the governing factor determining the starting 
of these inlets; this is in contrast to the generally accepted cri terion of considering con- 
traction ratio based only on normal-shock pressure recovery which is applicable to  inlets 
with relatively thin boundary layers. 

Although boundary-layer separation in the vicinity of the cowl l ip station does not 
appear to directly govern starting by adversely affecting cdntraction ratio, it does signif- 
icant&y affect the inlet pressure recovery -by increasing the viscous losses  through mixing. 
The geometric and aerodynamic parameters investigated also affect starting by their 
effect on the pressure recovery. 

The total-pressure recovery required for starting these inlets can be predicted 
reasonably well by a one-dimensional analysis; however, at present there is no accurate 
means of predicting the total-pressure recovery, accounting for separation and viscous 
losses  as well as internal shock losses, for a given configuration. Basic data is provided 
which can be used to verify future empirical or theoretical methods to predict inlet pres-  
sure recovery and, thus, starting. 

INTRODUCTION 

For current supersonic inlets with intake heights significantly larger  than the 
boundary -layer thickness, starting (establishment of supersonic flow in the internal pas- 
sage of the inlet) has been adequately predicted. However, starting phenomena are not 
fully understood for envisioned hypersonic inlets where the boundary layer comprises a 
significant portion of the .intake flow. This has been demonstrated in the Hypersonic 
Research Engine (HRE) Project where it was difficult to obtain an inlet start during wind- 
tunnel tests of a n  early design inlet model at the design conditions. (See ref. 1.) The 
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usual analytical methods for the prediction of starting current supersonic inlets are of. 
little value since the complex flow field caused by shock-boundary -layer interactions 
together with associated separation and mixing within a confined boundary invalidates the 
initial assumptions usually made for a predominantly inviscid flow. In addition, little 
data a r e  available as a basis for useful design criteria. Therefore, to gain a better 
understanding of the starting phenomena and to  provide data for future theoretical pre-  
diction methods, the present investigation was undertaken. The quantitative effects of 
geometric and aerodynamic parameters on the starting of a two-dimensional hypersonic 
inlet with thick turbulent boundary layers  relative to the intake height were investigated. 
A simplified model composed of flat plate elements was tested in order  to gain an under- 
standing of the flow which would be applicable to realist ic hypersonic inlets. The vari- 
ables investigated at a free-stream Mach number of 6 were cowl bluntness, cowl length, 
cowl angle of attack, boundary -layer thickness, free -stream Reynolds number, and model 
wall temperature. 

This report includes an appendix by James  C. Emery, of the Langley Research 
Center, which presents a description and Mach number calibration of the Langley 20-inch 
Mach 6 tunnel. 

SYMBOLS 

A 

A* 

h 

1 

M 

- 
M 

P 

P’ 

a rea  

a rea  at throat 

height between centerbody plate and cowl plate 

length 

Mach number 

mass-weighted Mach number, 

pressure 

pitot pressure 
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r 

R 

S 

T 

U 

X 

Y 

Y 

Z 

a! 

6 

6*  

9 

P 

mass-weighted total pressure, 

leading-edge radius 

unit Reynolds number 

longitudinal distance measured from leading edge of centerbody plate 

temperature 

velocity 

longitudinal distance from cowl lip station (positive in downstream direction) 

spanwise distance along centerbody plate measured from center line 

semispan of centerbody plate 

vertical distance from centerbody plate 

angle of attack 

boundary-layer thickness, value of z at which u = 0.99511, 

boundary -layer displacement thickness, s,” (l -&)dz 

boundary-layer momentum thickness, s6 $ (l - $)dz 
0 e e  

density 

Subscripts: 

C cowl 

e conditions at edge of boundary layer 
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local 1 

t 

W 

1 

2 

00 

total o r  stagnation 

Wall 

conditions at cowl lip station 

conditions at cowl exit station 

free s t ream 

APPARATUS AND METHODS 

Model 

A drawing of the two-dimensional inlet model is shown in figure 1 and a photograph 
in figure 2. This simplified inlet model consisted essentially of two flat plates having 
30.48-cm spans, mounted between end plates. The upper flat plate, which simulated a 
cowl, varied in length, leading-edge radius, and angle of attack. Cowl lengths of 5.08, 
10.16, and 15.24 cm were tested with leading-edge radii  of 0.0025, 0.0762, and 0.1524 cm 
at angles of attack from 0' to 6' in 2' increments; cowl lengths of 30.48 and 45.72 cm 
were tested with a leading-edge radius of 0.0762 cm at 2O angle of attack. The lower flat 
plate, which simulated an inlet centerbody, had a sharp leading edge (0.0025 cm) and was 
alined parallel to  the free-stream flow. The inlet was mounted in the tunnel with the cen- 
terbody plate either in the free stream at 6.35 cm below the center line of the test section 
(fig. l(a)) o r  flush with the lower wall of the test section (fig. l(b)). With the centerbody 
plate in the f ree  stream, the cowl l ip was 58.42 cm downstream of centerbody leading 
edge. The sidewalls of the inlet contained optical quartz windows (17.75 by 8.88 cm) to 
obtain schlieren photographs of the flow ahead of, and within, the inlet passage when the 
model was mounted in the free stream. Rectangular flaps, hinged to the trailing edge of 
the cowl plate and operated by a pneumatic actuator, were used to choke the inlet passage 
when desired. The flaps were 0.476 cm thick with a span of 10.16 cm and with varying 
chord lengths to permit closing off approximately 70 percent of the exit flow area. When 
the exit flow area was completely open, the trailing edges of the flaps were always above 
the lower surface of the cowl plate. 

Wind Tunnel 

This investigation was conducted in the Langley 20-inch Mach 6 tunnel. A detailed 
description along with the Mach number calibration of the tunnel is presented in the 
appendix. 
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Tests  

The experimental investigation was conducted at a free-stream Mach number of 6 
primarily at a free-stream Reynolds number of 2.06 X 10 7 per  meter (stagnation pressure 

of 2.86 MN/m2 and stagnation temperature of 506 K). This test condition resulted in tur-  
bulent boundary-layer thicknesses of 1.0 cm with the inlet centerbody in the free s t ream 
and 5.1 cm with the inlet centerbody flush with the tunnel wall. Limited tests were also 
made at Reynolds numbers from 1.08 X lo7 to 2.75 X lo7 per  meter. Most of the data 
were obtained with the model near adiabatic wall temperature (Tw/Tt, oo = 0.89) with some 
additional tests at lower wall  temperatures. The free-stream Mach number for these 
tests varied from 5.95 to  6.04; however, the variation during any one test was *0.02. 

Procedures and Instrumentation 

Test procedure.- An investigation of inlet starting requires close control of the 
boundary layer at the t ime data are taken. Since boundary layer is influenced by varia- 
tions in wall temperature, it is necessary to minimize temperature variations during a 
test run as well as from one run to another. 
desired and repeatable test conditions would be obtained throughout this investigation. 
With the model wall temperature set approximately at the desired level, either by a pre- 
heat flow through the tunnel or by prior cooling with dry ice, the tunnel flow was estab- 
lished. The mechanical flaps at the cowl trailing edge were closed and reopened when 
the wall temperature was at the desired level. Data and schlieren photographs of selected 
configurations were obtained before and after the flaps were closed and reopened. 

A procedure was devised whereby the 

Determination - - _ _ ~  of inlet starting. - Started and unstarted conditions, as well as the 
presence of separation, were determined from static-pressure distributions along the 
longitudinal center line of the centerbody and cowl plate and from schlieren photographs. 
The inlet was considered to be started when the shock from the cowl leading edge was 
inside the passage and no rapid increase in the static pressure was measured upstream 
of the cowl leading-edge station. See figure 3 fo r  examples of schlieren photographs and 
pressure distributions for both started and unstarted configurations. 

Instrumentation. _ _  - Static-pressure distributions were measured along the longitudinal 
center line of the centerbody plate and cowl plates. In addition, spanwise static pressures  
were measured on the centerbody plate. (See fig. l(a) for orifice locations.) Essentially 
two-dimensional flow for a span of *12.7 cm from the center line was found to exist for 
all configurations tested. Total p ressures  were determined at the cowl exit station from 
pitot rake measurements (pitot rake details are presented in fig. l(c)) and by assuming a 
straight-line variation of the static pressures between the centerbody plate and the cowl; 
total pressures  at the cowl lip station were calculated from measurements from a pitot 
rake and a static-pressure orifice on the centerbody plate without the cowl in place. Using 
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these total-pressure profiles at the cowl lip station and at the exit station, mass-weighted 
Mach numbers and pressure recoveries were calculated for the various test conditions. 
The free-stream Mach number was obtained for  each test point by measuring the pitot 
pressure and the stagnation pressure. Iron-constantan thermocouples were used to obtain 
tunnel stagnation temperature and model wall temperatures. 

The static-pressure orifices and pitot probes were connected to a pressure switching 
device which directed the pressures to multirange capacitance -type pressure  transducers. 
Each pressure was monitored by automatic range selectors which chose the closest of 
seven discreet ranges each having an equal full-scale output over the pressure range 
of 0 to 0.133 MN/m2. Higher readings for the pitot probes were measured with 0 to 
0.172 MN/m2 or  0 to 0.345 MN/m2 transducers which were teed to the lower multirange 
transducers. Tunnel stagnation pressures  were measured with 0 to 0.69, 0 to 2.07, and 
0 to  3.45 MN/m2 transducers. All pressure and temperature data of this i'nvestigation 
were recorded on magnetic tape and processed by an electronic data processing system; 
the data could also be monitored visually. 

RESULTS AND DISCUSSION 

Boundary-Layer Characteristics 

The type and relative thickness of the boundary layer entering the inlet is extremely 
important in inlet technology, and there is a paucity of results where thick boundary layers 
occur at hypersonic Mach numbers; therefore, the turbulent boundary-layer characteris - 
t i cs  (as previously defined in the Symbols) on the inlet centerbody at the cowl l ip station 
are presented in figures 4 and 5. Boundary-layer profiles obtained from pitot- and 
surface-static-pressure measurements, with a modified Crocco temperature distribution 
being assumed (ref. 2), a r e  shown in figure 4 in the form of velocity and pitot-pressure 
distributions for the centerbody plate mounted in the f ree  s t ream and flush with the tunnel 
wall. The effect of various wall temperatures and Reynolds numbers on the boundary- 
layer profiles and thicknesses a r e  also presented in figures 4 and 5, respectively. A com- 
parison of the experimental profile data for a given set  of conditions with the theoretical 
method of reference 3 is shown in both figures. The theory predicted the boundary-layer 
velocity and pitot-pressure profiles reasonably well but slightly underpredicted the 
boundary -layer thickness parameters. 

Parametric Results 

Experimental resul ts  of this investigation as a function of the' geometric and aero- 
dynamic parameters considered to be most important in inlet starting are presented in 
figure 6. Note that contraction ratio is a function of cowl bluntness since hl is mea- 
sured from the stagnation point on the cowl leading edge. It can be seen from figure 6 
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that it is difficult to determine the relative importance of geometric and aerodynamic 
variables on the starting of hypersonic inlets, and no simple parameter was found which 
correlated the data with contraction ratio or relative inlet height. Extensive testing is 
required to obtain resul ts  in this form and they are useful only in the design of inlets 
which have very similar geometric characterist ics and operate at virtually the same aero- 
dynamic conditions. 
the fundamentals of starting phenomena; therefore, starting was examined, from a basic 
fluid mechanics approach. 

Results in this form contribute little, if any, to the understanding of 

Effect of Separation 

The present investigation indicates that, for started configurations at near minimum 
inlet heights, both attached and separated flows occur. 
started configurations both with little, if any, separation (fig. 7(a)) and with separation on 
the centerbody plate (fig. 7(b)). Although all details of the flow are not obvious from the 
schlieren photographs (due to large distortions produced by extreme pressure gradients), 
the major features of the flow field, including separation, become clearer  when the photo- 
graphs are used together with pressure distributions. Sketches of the flow patterns for 
two configurations shown in figure 7 together with the static-pressure distributions a r e  
presented in figure 8. The continuously increasing pressures  along both surfaces for  the 
configuration of figure 8(a) behave in the manner expected from a simple reflecting shock 
pattern associated with nonseparated flow. 
reasonably well with inviscid values. 
decreasing pressures  along the surfaces for the configuration of figure 8(b) denote the 
presence of expansions (dashed lines) as well as compressions (solid lines) within the 
passage. 
omits many shocks and expansions which a r e  present as a result  of the separated regions 
indicated on both walls. 
action of the bow shock from the cowl leading edge with the boundary layer) is indicated not 
only from the schlieren photographs but also from the pressure ratio on the centerplate 
at x z 3 cm. This value of pressure ratio (~0.003) agrees with the first peak pressure 
for turbulent separation based on previous investigations (e.g., refs. 4 to 6). Approxi- 
mately this same pressure ratio was obtained for almost every test with the model mounted 
in the free  stream for blunt cowl leading-edge radii (rc/6 = 0.075 and 0.15) regardless of 
the cowl length lc/6, angle of attack aC, or relative inlet height h1/6 from 0.78 to 2.13; ' 

this indicated that separation occurred for all these started configurations. The reattach- 
ment of the boundary layer ahead of the throat was indicated from pitot pressures  at the 
throat which did not show any reverse  flow normally associated with separation. 

capability for the configuration in figure 7(b) with hl/h2 = 2.33 is not known. However, 
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Figure 7 presents examples of 

The pressure levels on both surfaces agree 
On the other hand, the successive increasing and 

Of course the flow pattern presented in figure 8(b) is oversimplified in that it 

The presence of separation on the centerplate (due to the inter- 

The quantitative effect of the separation from the cowl shock on the inlet starting 



the fact that the configuration did start with appreciable separation and a relatively large 
geometric contraction ratio, hl /h2 = 1.98 (the maximum theoretical starting contraction 
ratio f rom ref. 7 is only 1.44), indicates that this separation did not have a severely det- 
rimental effect on the maximum starting contraction ratio. In fact, separation apparently 
had a beneficial effect on starting for this configuration; a similar behavior was observed 
in  reference 8. 

In view of these results, a reexamination of previous thinking on the effect of sep- 
aration on the starting of hypersonic inlets is in order. The starting problem encountered 
with the early design of the HRE inlet model (ref. 1) was generally attributed, at least in 
part, to shock-boundary-layer interaction in the region of the cowl leading-edge station 
(ref. 3). Details of how and why this affects starting are not available - one possibility 
is that the cowl shock-boundary-layer separation produces aerodynamic choking. How - 
ever, there appears to be a fallacy to this reasoning. If separation causes aerodynamic 
choking, it seems logical to conclude that the strong transient starting shock would have 
a more detrimental effect than the cowl shock. For example, when the transient shock is 
near the geometric throat, its resulting separation would increase the effective contrac- 
tion ratio more than the separation produced by the cowl shock. (See ref. 9 for examples 
of separation caused by the transient starting shock.) Of course, a detrimental effect of 
the cowl shock on contraction ratio would occur when the separation bubble-from the cowl 
shock merges in the vicinity of the geometric throat with the separation from the starting 
transient shock. 
separation in the vicinity of the cowl lip, indicates that separation caused by the cowl 
shock-boundary-layer interaction does not, in general, govern starting by adversely 
affecting the contraction ratio. 
important in that during the transient starting period it increases the viscous losses 
through mixing as well as decreases the shock losses  by reducing the strength of the 
shock system and, thereby, significantly affects the inlet pressure recovery. 
tance of pressure recovery on starting is shown subsequently. 

This reasoning, along with the present data showing started inlets with 

However, the separation produced by'the cowl shock is 

The impor- 

Pressure Recovery 

Effect of pressure - recovery -. on - starting.- - The importance of pressure recovery in 
the starting of supersonic diffusers is well known and has been demonstrated from a one- 
dimensional adiabatic flow analysis, with negligible back pressure being assumed (e.g., 
refs. 10 and 11). This simplified analysis shows that for a supersonic wind tunnel incor- 
porating a second minimum or  for a fixed-geometry inlet (fig. 9(a)), starting is a function 
of total-pressure recovery pt 2/pt, 
number MI. Since the maxidum contraction ratio for starting is obtained when the flow 
at the second minimum is sonic, these parameters can be expressed by 

contraction ratio A1/A2 or hl/h2, and Mach 
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and their variation is shown in figure 9(b). Agreement between measured pressure 
recoveries and those predicted by one-dimensional theory (assuming inviscid flow) 
required for starting supersonic tunnels have been found in previous investigations 
(refs. 12 to 14). It should be noted that the required total-pressure recoveries shown 
in figure 9(b) are not limited to shock losses. Nevertheless, the Starting criterion for 
supersonic inlets, having generally been discussed with emphasis on contraction ratio 
with a normal shock loss being assumed at the inlet face Mach number, is representative 
of the maximum internal losses. The curve for this criterion, generally referred to as 
the Kantrowitz criterion from reference 7, is shown in figure 9(b) as the dashed curve. 
This approach has been successful for current supersonic inlets since the viscous losses 
were relatively small  due primarily to the thin boundary-layer thickness relative to the 
inlet height. However, for inlets with thick boundary layers  relative to the inlet height 
(such as the HRE inlet of ref. l), the viscous losses  may be larke and may result  in total- 
pressure recovery less than for a normal shock and even less than that required for 
starting. It can be seen in figure 9(b) that in order to start even a constant-area duct 
(A1/A2 = l), the total-pressure recovery cannot be below a certain minimum for a given 
inlet Mach number - a point easily overlooked in inlet design. 

Since the inlet total-pressure recovery governs when the passage will start, an 
analysis of the starting process requires an examination of the pressure recovery for the 
conditions just prior to  the establishment of sonic velocity at the exit or throat. Con- 
sider the hypothetical, transient flow model, shown in figure lO(a) which has subsonic 
flow just upstream of- the exit. This passage could not start if the inlet total-pressure 
recovery is less than that required in figure 9(b). This hypothetical flow pattern cannot 
be examined experimentally since the shock to  subsonic flow will not move to this position 
unless the passage will start, and the complexity of such a flow field precludes any theo- 
retical analysis at present. However, an experimental examination can be made for a 
started passage (figs. 10(b) and lO(c)) for which it can be reasoned that the inlet total- 
pressure recovery would be equal to or greater than that for  the assumed transient con- 
dition. 
0.08 was measured for a started inlet configuration with aC = Oo, rc /6  = 0.075, and 
M1 = 4.1. Since this total-pressure recovery is below that required for starting this 
configuration, as seen in  figure 9(b), this inlet passage should not be expected to start. 
In fact, after this passage was unstarted by closing the flap at the exit, the inlet, as pre-  
dicted, failed to restart upon reopening the flap. (The inlet was initially started with 
precooled model walls. The restart attempt was made at near adiabatic wall conditions.) 

To illustrate this, a mass-weighted total-pressure recovery /p t, of only 

- 
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Additional experimental resul ts  of two-dimensional inlet configurations with other 
cowl leading-edge radii  (fig. ll(a)) show that when the mass-weighted total-pressure 
recovery was above that required by the one-dimensional (1-D) analysis, the inlet did 
restart (open symbols) after the throat flap was reopened. Also presented in figure ll(a) 
a r e  results for these inlets, with measured pressure recoveries below those required by 
the analysis which did not start (solid symbols) or after the flap was reopened did not 
restart (tailed symbols). 
u re s  l l (b)  and l l(c),  also show that the measured total-pressure recoveries for all started 
configurations were above the required values calculated from the one-dimensional analy- 
sis. Thus, this one-dimensional analysis using a mass-weighted inlet Mach number gives 
a good estimate of the inlet total-pressure recovery required for starting these inlet 
configurations. 

Results for other cowl angles of attack, presented in fig- 

The required starting pressure recovery calculated from the one-dimensional analy- 
sis approaches the same value as the normal-shock pressure recovery for nearly all con- 
figurations with an inlet height more than about twice the boundary-layer thickness. 
fig. 11.) This accounts partially for the successful use in the past of the usual starting 
criterion based on normal shock loss  since current supersonic inlets have inlet heights 
considerably greater than twice the boundary-layer thickness. It should be noted that the 
normal-shock pressure recovery and the required one-dimensional total-pressure recov- 
ery may also be the same at values of h1/6 less than 2. 

(See 

(See figs. l l (b)  and ll(c).) 

Effect of parameters on pressure recovery. - The pressure recovery and therefore 
starting for this type inlet is sensitive to  many design parameters. The data of figure .ll 
show that, for all configurations, the pressure recovery is extremely sensitive to  small 
changes in the relative inlet height h1/6. 
sidered as well as contraction ratio for starting criteria. 
ratio can be completely erroneous. For example, figure 6(a) shows that cowl bluntness 
has essentially no effect on the experimental maximum starting contraction ratio hl/h2 
at ac = Oo, but it does have a significant effect on the minimum relative inlet height h1/6 
required for starting. 
figurations a r e  considerably below the allowable contraction ratios based on a normal 
shock at the mass-weighted inlet Mach number MI. 

~= ~ _ _ _ _ ~  - - - - 

Thus, the relative inlet height must be con- 
The use of only contraction 

The maximum starting contraction ratios measured for these con- 

- 

Although the effects of ZC/6, rc/6, and ac on pressure recovery can be seen in 
figure 11, a more informative method of examining the effects of these variables is pre-  
sented in figure 12. When the length of the passage is short relative to the boundary-layer 
thickness ( l c / 6  5 61, the pressure recovery is not affected greatly by changes in any of the 
other parameters. With increasing relative inlet length and the associated viscous losses, 
the effect on the pressure recovery by the other parameters becomes significantly larger ;  
the pressure recovery decreases considerably with decreasing inlet height (especially for 
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h1/6 5 1, fig. 12(a)), with increasing cowl bluntness (particularly for r c /6  2 0.075, 
fig. 12(b)), and with increasing cowl angle (noticeably for cyc 2 4O, fig. 12(c)). It is only 
at the larger  cowl lengths (lc/6 2 10) that the measured pressure recovery approaches 
values which the one-dimensional analysis indicates are critical in determining whether 
or  not a passage will start. 
for the HRE inlet of reference 1 (Zc/6 = 12, rc /6  = 0.10, h1/6 = 1.0, cyc 5") place it 
in the critical area for which starting would be expected to be marginal, ai best. In the 
critical starting region the parameters  shown in figure 12 quite apparently have a strong 
inter dependence. 

From these results it can be seen that the design conditions 

The pressure recovery is seen in figure 12(d) to be essentially independent of 
Reynolds number for these large turbulent intake boundary layers. Although only limited 
data on the effect of wall cooling were obtained, figure 12(d) indicates that decreasing the 
wall temperature results in increasing the pressure recovery and, thus, would be expected 
to have a favorable effect on starting. A similar favorable effect on starting by wal l  
cooling was found in references 1 and 3. 
increased only slightly with wal l  cooling (fig. 12(d)) because the inlet height was reduced 
to maintain a constant hl/6. 
pressure recovery would be greater because h1/6 would increase. 
In reality, wall cooling thins the boundary layer and, therefore, the pressure recovery 
increases for the given inlet height. Since this pressure recovery is also a function of 
the ratios of cowl length and cowl bluntness to boundary-layer thickness, each of these 
ratios must also be considered in determining pressure recovery and starting. 

It should be noted that the pressure recovery 

However, for the same inlet height, the favorable effect on 
(See fig. 12(d).) 

The .data presented in figure 12 are in the form which can be useful in any future 
method to predict pressure recovery; and it appears that the prediction of pressure recov- 
e ry  is mandatory for the prediction of starting for these type inlets. 

Basic Data 

Some of the basic data (static and pitot pressure distribution, schlieren photographs, 
and mass-weighted Mach numbers and total pressure) which were used to formulate the 
foregoing results a r e  presented in figures 13 to 16. 

CONCLUSIONS 

An investigation has been conducted on the starting phenomena for hypersonic inlets 
with relatively thick intake turbulent boundary layers  at a free-stream Mach number of 6. 
The effects on starting of cowl bluntness, cowl length, cowl angle of attack, boundary-layer 
thickness, free-stream Reynolds number, and wall temperature have been examined and 
the following conclusions are made: 
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1. Inlet total-pressure recovery (including both shock and viscous losses) is the 
governing factor determining starting in contrast to only normal-shock pressure recovery 
usually considered. 

2. The total-pressure recovery required for starting is predicted reasonably well 
by a one-dimensional analysis. In general, the usual method of assiuning only a normal- 
shock pressure recovery is applicable to inlets with sufficiently large inlet heights h l  
relative to boundary-layer thickness 6 which for present configurations corresponded 
to h1/6 2 2. 

3. Total-pressure recovery is extremely sensitive to  small  changes in the ratio of 
inlet height to boundary-layer thickness (h1/6 <, 2) and, therefore, the choice of this ratio 
is critical for starting. 

4. Boundary-layer separation in the vicinity of the cowl lip station affects starting 
in that it decreases the shock losses  but increases the viscous losses  through mixing. 
However, this separation 'does not generally govern starting by adversely affecting con- 
traction ratio. 

5. With increasing cowl length lc relative to the boundary-layer thickness 
(especially for l C / 6  2 lo), the pressure recovery becomes more adversely affected by 
decreasing relative inlet height, increasing cowl bluntness, and increasing cowl angle. 
These parameters are interrelated with the relative importance of one a strong func- 
tion of the others. 

6. The pressure recovery is essentially independent of Reynolds number (except 
as it affects the boundary-layer thickness). 

7. Wall cooling has a favorable effect on starting. For a constant h1/6, obtained 
by varying hl ,  the pressure recovery increases slightly. Indications are that wall 
cooling primarily thins the boundary layer and, therefore, the pressure recovery increases 
significantly for a constant hl .  

8. Any future theoretical method of predicting the starting of hypersonic inlets will 
be dependent upon the prediction of total-pressure recovery which must account for sep- 
aration and viscous losses  due to mixing as well as internal shock losses. The present 
investigation provides data which can be used to verify future theoretical o r  empirical 
methods for predicting pressure recovery and thus starting. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., June 21, 1971. 
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APPENDIX 
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T 
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DESCRIPTION AND CALIBRATION OF THE LANGLEY 20-INCH 

MACH 6 TUNNEL 

By JamesC.  Emery 
Langley Research Center 

SYMBOLS 

Mach number 

difference between Mach number of rake and fixed probe, M, - Mp 

pressure, M N / ~ I ~  

inside measurement of tunnel in vertical and horizontal planes 
(see fig. A4), cm 

temperature, K 

distance measured along longitudinal axis of tunnel from center line of 
upstream window (positive in upstream direction, see fig. A4), cm 

P viscosity, N sec/m2 

(#J rake angle: horizontal, Oo; vertical, 90° 

Subscripts : 

a average (always calculated within the core given in table AII) 

fixed probe (see fig. A4) P 

r rake probe 

t total or stagnation 

1 condition in settling chamber 

2 condition behind normal shock 
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APPENDIX 

Facility Description 

The Langley 20-inch Mach 6 tunnel is a blowdown type with air as the test medium. 
Figure A1 schematically shows the general arrangement of this facility in which heat- 
transfer, pressure, and force tes ts  are conducted. The test Mach number is achieved 
with a fixed-geometry two-dimensional contoured nozzle (side walls are parallel) forming 
a throat section of 0.86 by 50.80 cm and a test section of 52.00 by 50.80 cm. 
length from the throat to the tunnel window center line measures 2.27 m. 

The nozzle 

Models can be mounted either in a fixed position on the tunnel floor or on injec- 
tion systems at top and bottom of the tunnel test section. 
of the test  section measures approximately 132 by 40 cm for the lower injection system 
which includes a remote controlled sting-support system capable of moving the model, 
during wind-on operation, through an angle-of-attack range from -50 to 550 and a side- 
slip angle range from Oo to -loo. For heat-transfer tests, the lower injection system 
traverses  the last 25 cm in approximately 0.3 sec  with a maximum acceleration of 6g 
( lg  = 9.807 m/sec2). 
and unstarting loads. 
adjusted to about 0.9 sec  with a maximum 2g acceleration. 
injection system including sting support a r e  shown in figure A2. 
tem, with a usable opening of 50 by 36 cm and a similar injection rate, is used primarily 
fo r  heat-transfer tests since the model attitude cannot be changed during wind-on opera- 
tion. The top injection-system opening and mounting plate a r e  shown in figure A3. 
reference Mach number is obtained from a fixed pitot probe mounted in the upper wall of 
the test  section as shown in figure A4. 

The opening in the bottom 

For force tests, the model can also be injected to reduce starting 
For this type of test  the injection time for the last 25 cm is 

Details of the lower model 
The top injection sys-  

A 

The tunnel has a movable second minimum and exhausts either into the atmosphere 
The tunnel can exhaust 

This mode of operation is 
with the aid of an annular air ejector or  into a vacuum sphere. 
to the vacuum sphere and through the ejector simultaneously. 
frequently used with force tes ts  to reduce starting and unstarting loads. Tunnel operating 
conditions a r e  as follows: 

Stagnation pressure . . . . . . . . . . . . . . . . . . . . . .  0.21 MN/m2 to 3.62 MN/m2 
Stagnation temperature . . . . . . . . . . . . . . . . . . . . . . . . . . .  450 K to 560 K 
Reynolds number . . . . . . . . . . . . . . . . . . . . . .  2.3 X 106/m to 29.5 X 106/m 
Dynamic pressure . . . . . . . . . . . . . . . . . . . . . .  3.35 kN/m2 to 57.8 kN/m2 

With sphere . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 min 
With e jec tor .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20 min 

Tunnel mass  flow (maximum) . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 kg/sec 
Ejector mass  flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60 to 80 kg/sec 

Running time (maximum): 
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APPENDIX 

Tunnel air, heated by an electrical resistance heater, is supplied from a 4.1 MN/m2 
tank field with a storage capacity of 3780 m3 (186 000 kg). The pumps for this field oper- 
ate at a rate of 2 1  kg/sec and an activated alumina dryer  provides a dewpoint temperature 
of 233 K at a pressure of 4.1 MN/m2. 
channels of data can be recorded on a central data recording complex. 

One hundred analog channels and seven digital 

Mach Number Calibration 

This facility w a s  calibrated by using a 19-tube rake with tubes spaced 2.54 cm apart, 
placed at four stations along the test-section axis. 
tical and horizontal positions at each station for four stagnation pressures  ranging from 
0.5 MN/m2 to 3.0 MN/m2. 

Calibrations were made for both ver- 

Previous tunnel calibrations had shown that the Mach number varied with time 
(time during each run, the time between runs, and total elapsed time) probably as a 
result of temperature effects on the boundary layer and nozzle. This phenomenon makes 
it extremely difficult to obtain an exact calibration curve of Mach number, since all rake 
positions could not be taken simultaneously; therefore, the variation in test-section Mach 
number AM is presented as the difference between the Mach numbers calculated from 
the rake pitot pressures  and the fixed-probe pitot pressures.  In addition, to further min- 
imize temperature differences between runs, the interior walls of the test  section were 
preheated to 325 K prior to each survey. Desired test  conditions were then established 
and data were taken at various pressures  within a time interval of 3 to 5 min. 

The Mach number distributions determined from the measured pressures  on the 
rake and fixed'position probe a r e  presented for each axial station and test  condition in 
table AI. The variation in test-section Mach number AM obtained from these data is 
presented in figure A5 along with the Mach number for the fixed probe. 

For convenience in determining the practical size of models to be tested in this 
facility, the variation in the test core  size with pressure and axial station is shown in 
figure A6. 
sent the region where the maximum Mach number variation was approximately *0.02 in 
the horizontal and vertical planes. The average values of AM within each core a r e  
given in figure A7 and table AII. Figure A7 suggests a possible fairing of these averages. 
The average Mach number at any station may be determined by adding AMa to the mea- 
sured probe Mach number. This method assumes the same effect of temperature on Mach 
number at each point in the test section. Figure A8 illustrates how the Mach number dif- 
ferential for two repeat runs decreases when the rake Mach numbers are referred to the 
fixed probe. 

These cores  were obtained from the data of table AI or figure A5 and repre-  

The Reynolds number for various temperatures and pressures  is presented in fig- 
ure A9. Also shown are the values of the pressures  and temperatures for liquefaction 
obtained from reference 15 and the viscosity relationship from reference 16. 
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TABLE AI.- MACH NUMBER CALCULATED FROM pt zpt , ,  
(a) pt,l = 0.52 MN/m2; Tt,l = 418 K 

M for - 
s', 
cm 

22.86 

17.78 
20.32 

15.24 
12.10 
10.16 
1.62 
5.08 
2.54 
0 
-2.54 
-5.08 
-1.62 
-10.16 
-12.12 
-15.24 
-17.78 

-22.86 

M P  

-20.32 

s', 
cm 

22.86 
20.32 
17.18 
15.24 
12.10 
10.16 
7.62 
5.08 
2.54 
0 
-2.54 

-1.62 
-10.16 
-12.12 
-15.24 

-5.08 

-17.78 

-22.86 

M P  

-20.32 

-. 

x' = 21.59 cm 

r#J = 00 
- 
8.24 
6.15 
5.96 
5.94 
5.92 
5.91 
5.91 
5.91 
5.88 
5.88 
5.88 
5.91 
5.91 
5.92 
5.92 
5.91 
5.97 
6.83 
8.96 

5.912 
~. ~ 

- .. 

r#J = 900 

I. 51 
6.26 
6.00 
5.98 
5.97 
5.95 
5.93 
5.90 
5.90 
5.91 
5.90 
5.91 
5.93 
5.96 
5.98 
5.99 
6.01 
---- 
I. 58 

5.944 

x' = 21.59 cm 

I$ = 00 

8.09 
__ 

6.05 
6.02 
6.00 
5.99 
5.98 
5.98 
5.91 
5.95 
5.95 
5.96 
5.98 

5.98 
5.98 

5.98 

6.03 
6.03 
6.47 
8.86 

5.986 
~ 

~ 

I$ = 900 

1.21 
6.06 
6.02 
6.01 
5.99 

5.96 
5.93 
5.93 
5.95 
5.93 
5.95 
5.91 
5.99 
6.00 
6.01 
6.02 

5.98 

---- 
1.36 

5.914 

x' = 1.59 cm 

r#J = 00 

8.12 
6.51 
5.78 
5.92 
5.93 
5.94 
5.94 
5.93 
5.92 
5.91 
5.92 
5.93 
5.95 
5.94 
5.93 
5.91 
5.95 
1.26 
_--- 
5.941 

r#J = 900 

7.54 
6.29 
5.98 
5.97 
5.93 
5.91 
5.91 
5.92 
5.91 
5.92 
5.91 
5.91 
5.91 
5.91 
5.91 
5.93 
5.97 
6.31 
7.54 

5.944 

x' = -25.40 cm 

r#J = oo 
---- 
6.98 
5.89 
5.81 
5.91 
5.90 
5.89 
5.91 
5.91 
5.91 
5.91 
5.90 
5.90 
5.90 
5.92 

5.99 
5.89 

7.78 
---- 
5.905 

(b) pi, = 1.14 MN/m2; Tt, 1 = 418 K 

M for - 
x' = 1.59 cm 

I$ = 00 

8.46 
6.20 
5.95 
5.95 
5.95 
5.95 
5.96 
5.94 
5.93 
5.93 
5.93 
5.93 
5.96 
5.96 
5.95 
5.93 
5.99 
6.88 
---- 

I 5.941 

I$ = 900 

1.26 
6.10 
5.99 
5.98 
5.94 
5.92 
5.92 
5.92 
5.92 
5.92 
5.92 
5.93 
5.92 
5.93 
5.95 
5.99 
6.00 
6.08 
7.26 

5.962 

r#J = 900 

7.48 
6.07 
5.86 
5.86 
5.88 

5. 89 
5.89 

5.90 
5.90 
5.90 
5.89 

5.89 
5. 89 
5. a i  
5.83 
5. 86 

1.28 

5.890 

5.90 

6.11 

x' = -25.40 cm 

@ = 00 

8.94 
6.65 
5.96 
5.91 
5.98 
5.97 
5.97 
5.91 
5.99 
5.98 
5.98 
5.98 
5.98 
5.91 
5.99 
5.96 
5.98 
7.50 
---_ 
5.973 

I$ = 900 

1.26 
6.01 
5.94 
5.94 
5.95 
5.96 
5.91 
5.96 
5.91 
5.91 
5.96 
5.97 
5.91 
5.96 
5.95 
5.93 
5.94 
6.09 
7.19 

5.965 

X' = -55.88 cm 

@ = 00 
---- 
1.13 
6.06 
5.92 
5.94 
5.92 
5.96 
5.98 
5.91 
5.91 
5.98' 
5.97 
5.94 
5.94 
5.95 
5.94 
6.31 
8.30 
---- 
5.953. 

r#J = 900 

6.28 
1.44 

5.97 
6.00 
5.15 
5.96 
5.91 
5.89 
5.98 

5.98 
5.99 

5.98 
5.91 
5.93 
5.94 
5.91 
5.95 
6.25 
7.29 

5.960 

XI = -55.88 cm 

I$ = 00 

---- 
1.33 
5.98 
5.98 
5.99 
5.99 
6.02 
6.03 
6.04 
6.04 
6.04 
6.03 
6.02 
6.00 
6.00 
6.01 
6.09 
8.02 
-_-- 

I 5.994 

I$ = 900 

1.00 
5.91 
6.06 
5.93 
5.96 
6.00 
6.00 
5.91 
6.01 
6.01 
6.01 
6.01 
6.00 
5.91 
5.91 
5.99 
6.00 
6.04 
7.01 

5.982 
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TABLE A1.- MACH NUMBER CALCULATED FROM pt - Concluded 
9 ,  

(c) pt, = 2.17 MN/m2; Tt, 1 = 478 K 

M 

= 1.59 cm 

for - 
s', 
cm 

22.86 
20.32 
17.78 
15.24 
12.70 
10.16 
7.62 
5.08 
2.54 
0 

-2.54 
-5.08 
-7.62 

- 10.16 
-12.72 
-15.24 
-17.78 
-20.32 
-22.86 

x' = 21.59 cm 

x' = -25.40 cm x' = -55.88 cm 

ql = 900 

7.00 
6.02 
5.97 
5.97 
5.98 
5.99 
5.99 
5.99 
5.99 
6.00 
5.99 
6.00 
6.00 
5.99 
5.98 
5.98 
5.96 
6.04 
6.99 

5.981 

~ 

ql = 00 

-_-- 
6.99 
5:98 
6.00 
6.00 
6.01 
6.03 
6.03 
6.04 
6.04 
6.05 
6.03 
6.03 
6.01 
6.01 
6.03 
6.02 
7.68 
_ _ _ _  

6.011 

ql i 00 

7.71 
6.04 
6.04 
6.03 
6.02 
6.01 
6.00 
5.99 
5.98 
5.98 
5.99 
6.00 
6.00 
6.02 
6.01 
6.05 
6.04 
6.01 
8.52 

5.997 

l#J = 900 

7.03 
6.02 
6.04 
6.03 
6.02 
6.01 
5.99 
5.96 
5.95 
5.98 
5.97 
5.97 
5.99 
6.01 
6.02 
6.03 
6.04 
6.04 
7.12 

5.993 

I$ 900 

6.94 
6.05 
6.01 
6.01 
5.97 
5.95 
5.95 
5.96 
5.96 
5.96 
5.96 
5.96 
5.95 
5.96 
5.98 
6.01 
6.03 
6.02 
7.04 

5.980 

ql = 00 

8.11 
6.06 
5.98 
5.98 
5.98 
5.99 
5.98 
5.96 
5.96 
5.95 
5.96 
5.96 
5.99 
5.98 
5.98 
5.97 
5.99 
6.54 
8.82 

5.965 

r#l = 00 

8.69 
6.39 
5.98 
6.00 
6.00 
6.00 
5.99 
6.00 
6.02 
6.01 
6.01 
6.00 
6.00 
6.00 
6.02 
5.99 
6.00 
7.16 
_ _ _ _  
5.990 

ql = 900 
~- 

6.81 
5.99 
6.12 
5.91 
5.99 
6.03 
6.03 
6.02 
6.04 
6.04 
6.03 
6.04 
6.03 
6.02 
6.01 
6.03 
6.04 
6.03 
6.86 

Mp I I 6.002 

(d) pt,l = 3.03 MN/m2; Tt.1 = 478 K 

M for - 
SI, 
cm 

22.86 
20.32 
17.78 
15.24 
12.70 
10.16 
7.62 
5.08 
2.54 
0 

-2.54 
-5.08 
-7.62 

-10.16 
-12.72 
-15.24 
-17.78 
-20.32 
-22.86 

MP 

x' = 1.59 cm x' = -25.40 cm x' = -55.88 cm 

@ = 00 

7.48 
6.04 
6.05 
6.03 
6.02 
6.00 
6.00 
5.99 
5.98 
5.99 
5.99 
5.99 
6.00 
6.02 
6.01 
6.05 
6.05 
6.15 
8.34 

5.997 

ql = 900 

6.89 
6.05 
6.02 
6.01 
5.99 
5.96 
5.96 
5.97 
5.96 
5.96 
5.97 
5.96 
5.96 
5.97 
5.99 
6.02 
6.03 
6.02 
6.98 

5.982 

I$ = 900 

6.94 
6.03 
5.97 
5.97 
5.98 
5.99 
5.99 
5.99 
5.99 
5.99 
5.98 
5.99 
6.00 
5.99 
5.98 
5.99 
5.97 
6.05 
6.95 

5.981 

I$ = 900 

6.95 
6.02 
6.05 
6.03 
6.02 
6.02 
5.99 
5.97 
5.96 
5.98 
5.97 
5.98 
6.00 
6.02 
6.03 
6.04 
6.04 
6.03 
7.06 

5.995 

cp = 00 

7.90 
6.03 
5.99 
5.98 
5.97 
5.98 
5.98 
5.96 
5.96 
5.95 
5.96 
5.95 
5.98 
5.98 
5.98 
5.96 
5.99 
6.39 
8.65 

5.964 

I$ = oo 
8.49 
6.26 
5.98 
6.01 
6.00 
6.00 
5.99 
6.00 
6.01 
6.01 
6.01 
6.00 
6.00 
5.99 
6.02 
5.99 
6.00 
6.99 
-___  

5.995 

@ = oo 
8.92 
6.79 
5.99 
6.01 
6.00 
6.01 
6.03 
6.03 
6.04 
6.04 
6.04 
6.03 
6.03 
6.01 
6.02 
6.03 
6.01 
7.48 
___-  
6.012 

I$ = 900 

6.77 
6.02 
6.11 
5.91 
5.99 
6.02 
6.03 
6.03 
6.04 
6.04 
6.03 
6.04 
6.02 
6.02 
6.00 
6.03 
6.04 
6.05 
6.79 

6.006 
__ .~ 
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TABLE AII.- TUNNEL FLOW PARAMETERS 

21.59 
21.59 

1.59 
1.59 

-25.40 
-25.40 

-55.88 
-55.88 

0.52 
.52 

0.52 
.52 

0.52 
.52 

0.52 
.52 

--- 

21.59 1.14 
21.59 1 1.14 

5.953 
5.960 

5.986 
5.974 

5.947 
5.962 

5.973 
5.965 

5.994 
5.982 

5.997 
5.993 

5.965 
5.980. 

5.990 
5.981 

~ 

- 

- -_ - - 

-0.00 1 
+.004 
- 

-0.013 
-.024 

-0.002 
-.030 

-__. 

. ~ 

4.005 
-.010 

4.023 
+.012 

4.001 
-.020 

4.009 
-.022 

4.014 
+.005 

__ 

- -~ 

1.59 
1.59 

-25.40 
-25.40 

-55.88 
-55.88 

a 
9a 

0 
90 

1.14 
1.14 

1.14 
' 1.14 

1.14 
1.14 

0 
90 

0 
90 

0 
90 

0 
90 

21.59 2.17 
21.59 1 2.17 

1.59 2.17 
1.59 2.17 

-25.40 2.17 
-25.40 2.17 

-55.88 2.17 
-55.88 2.17 

21.59 3.03 
3.03 21.59 

1.59 3.03 
1.59 3.03 

-25.40 3.03 
3.03 

-55.88 3.03 
-55.88 3.03 

- 

- 

~- 

- 

- . 
-25.40 

- -- __ 

0 
90 

0 
90 

0 
90 

0 
90 

0 
90 

0 
90 

0 
90 
__ 

m a  

-0.018 

-0.020 

-0.004 

4.002 

-0.018 

-.. . ~. 

-0.0 16 

-0.002 

4.017 

-0,009 

-0.006 

4.020 

-0.007 

-0.003 

4.005 

4.013 

Core size, 
cm 

25 
16 

33 
28 

33 
31 

31 
28 

26 
18 

33 
28 

36 
36 

28 
31 

23 
16 

36 
26 

36 
36 

28 
33 

26 
18 

33 
26 

36 
36 

36 
28 

, 
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S 

53.34 
54.60 
55.88 

1, 
57-15 
58.42 

12.70 
20.30 

30.10 

27 - 94 
33.02 

43.10 
40.26 
49-50 
50.80 
52.10 

0 

. J 
C 6.35 
f12.70 
0 
0 

510.16 
C 6.35 

f12.70 

Optical quartz 

Centerbody p la te  

Pressure o r i f i ce  locations 
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Figure 2. - Two-dimensional inlet model. 
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inlet start and unstart. 
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Figure 7. - Schlieren photographs showing started and unstarted inlet configurations with and without 
separation. 6 = 1.02 cm; R, = 2.06 X 107/m. 
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Figure A9. - Reynolds number as a function of stagnation pressure and temperature for M = 6. 
p = 398.36 X 10-10T, N sec/m2 (ref. 16). 
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